In this paper, the effects of slag composition (slag basicity CaO/SiO 2 and FeO concentration) on the amounts of H 2 gas generated and the magnetic spinel phase precipitated as a result of the reaction between synthetic steelmaking slag and steam at 1873 K (1600°C) were studied by thermodynamic simulation (using Thermodynamic Package FactSage 7.0) and laboratory experiments. The thermodynamic calculation showed that, upon increasing slag basicity (CaO/ SiO 2 ) from 1.0 to 2.5, for the reaction of 100 g of slags with 100 g of H 2 O gas, the accumulated amount of the produced H 2 gas increased from 0.17 to 0.27 g, while the amount of magnetic spinel phase first increased and then decreased, with the maximum precipitation of 16.71 g at the basicity of 1.5. When the FeO concentration increased from 15 to 30 pct for the slag with basicity of 2.0, the accumulated amount of the produced H 2 gas increased from 0.17 to 0.28 g, and the amount of magnetic spinel phase increased from 5.88 to 10.59 g. The laboratory experiments were conducted in confocal laser scanning microscope to verify the reaction between 0.2 g of slag and 3.75 L of H 2 O-Ar gas P H 2 O ¼ 0:2 atm ð Þ . The results indicated that, for 100 g of slags, upon increasing slag basicity (CaO/SiO 2 ) from 1.0 to 2.5, both the produced H 2 gas and magnetic spinel phase first increased and then decreased, with the maximum amounts being 0.09 g of gas and 37.00 g of magnetic spinel phase at the slag basicity of 1.50. For the FeO concentration increasing from 15 to 30 pct, the amounts of both the produced H 2 gas and magnetic spinel phase increased from 0.04 to 0.10 g and from 18.00 to 27.00 g, respectively. The reaction rate between the molten CaO-SiO 2 -FeO-MnO-Al 2 O 3 -MgO slag and the moisture P H 2 O ¼ 0:2 atm ð Þ increased with the increasing FeO activity in the slag. The dependence of the reaction rate (mol/cm 2 /s) on FeO content can be expressed as r ¼ ð7:67 a FeO ð ÞÀ2:99Þ Â 10 À7 .
I. INTRODUCTION
STEEL slag is a byproduct from the steelmaking process. Although the steel slag composition varies with steelmaking furnace type, steel grades made, and pretreatment method, the main components in steel slag are CaO, SiO 2 , FeO (Fe 2 O 3 ) with certain amounts of Al 2 O 3 , MgO, MnO, and P 2 O 5 . [1, 2] The molten steelmaking slag, in the temperature range of 1723 K to 1923 K (1450°C to 1650°C), contains substantial amount of high-quality thermal energy. Researchers have been exploiting various chemical methods to recover the waste heat, including methane reforming, [3, 4] coal, and biomass gasification, [5] [6] [7] [8] and direct compositional modification of slags. [9] [10] [11] During the heat recovery by means of chemical methods, slags can act as not only heat carriers but also catalysts and reactants, which expands the field of slag utilization. However, due to the existing gaps in knowledge, the industrial deployment of these energy recovery methods has long way to go. These include managing the low thermal conductivity of slags, [12, 13] kinetics of crystallization, [14, 15] and discontinuous availability. [16, 17] Besides the high-temperature waste heat, the slag contains valuable material. Taking into account of 15 to 35 pct of FeO in the steelmaking slag and about 114 Mt BOS (Basic Oxygen Steelmaking) process slag generated worldwide in 2013, [18] it is extremely important to develop efficient solutions to recover valuable materials from slags that could be utilized as raw materials including for producing sintering mixture or for pelletizing iron ores. Several carbothermal reduction methods [19] [20] [21] have been developed to recycle iron from steelmaking slags. However, its implementation is constrained by unavoidable carbon footprint and large energy consumption. A sustainable approach to utilize steelmaking slag components based on transformation of nonmagnetic iron monoxide to magnetite by oxidation has been investigated by Semykina et al. [22] [23] [24] In this process, air could be used to produce an oxidizing atmosphere to transform FeO into magnetite, followed by a magnetic separation of magnetite from the pretreated slag. The rest of the slag (nonmagnetic) could be effectively used in the production of cement binder or in other applications.
Bhattacharjee et al. [25] and Mukherjee and Bhattacharjee [26] sprayed water on the molten slag, and subsequently thermochemical decomposition of steam took place on the slag surface, resulting in the generation of H 2 . With regard to the steam-slag process for the generation of hydrogen gas, Matsuura et al. [27] predicted the effects of slag temperature, slag composition, gas temperature, and partial pressure of H 2 O on production behavior of H 2 gas by means of FactSage calculation. Accordingly, Sato et al. [28] designed experiments to realize this reaction.
The current authors are aiming to develop a novel process to recover both the thermal heat and valuable materials from the molten slag by reacting the molten slag with steam. As the continuation of our previous study, [18] this paper studies the effect of slag composition (slag basicity CaO/SiO 2 and FeO concentration) on the H 2 generation during the reaction and the precipitation of magnetic spinel phase from the slag after the slag-steam reactions. BOS slags comprise major components of CaO, SiO 2 , and FeO (totaling more than 80 mass pct) and minor components of MgO, Al 2 O 3 , MnO, and P 2 O 5 . Hence, the main components of basicity (CaO/SiO 2 ratio) and FeO concentrations on the production of H 2 gas and the generation of magnetically susceptible compounds in the reaction between the molten slag and water vapor are investigated in the current study. The reaction mechanism and reaction rate have also been investigated.
II. EXPERIMENTAL

A. Slag Samples
The compositions of the synthesized slag samples characterized by XRF (XRF-1800X from Shimadzu Corporation) in the present study are listed in Table I . The main components of steelmaking slag are CaO, SiO 2 , and FeO, with small amounts of Al 2 O 3 , MgO, and MnO; as a result, for all the slags, the compositions of Al 2 O 3 , MgO, and MnO were kept constant at 5.0 mass pct, respectively. Slags #1 to #4 were prepared to study different basicities (CaO/SiO 2 ratios) in the range from 1.0 to 2.5, while slags #5, #6, #3, and #7 were used to study the effect of FeO concentration in the slags.
All the slags were made from chemical reagents of CaO, SiO 2 , FeO, MnO, Al 2 O 3 , and MgO, each with a purity of 99.9 wt pct, supplied by Sigma Aldrich. Prior to mixing, the chemical reagents of CaO and SiO 2 were dried at 1273 K (1000°C) for 4 hours under Ar atmosphere to remove the small amounts of volatiles and hydrones. The dry chemical reagent powders were well mixed with FeO and MnO powders based on Table I , then placed into a platinum crucible, and heated in a tube furnace at 1873 K (1600°C) for 2 hours under high-purity Ar atmosphere to homogenize the slags. Finally, the molten slag was rapidly cooled to room temperature under high-purity Ar atmosphere, and the slag achieved in this process was called the premelted slag. The temperature of the tube furnace in this study was controlled by a program controller with an R-type thermocouple, within the observed precision range of ± 3 K. Figure 1 shows a schematic diagram of the experimental apparatus, which mainly consists of the moisture generator, high-temperature confocal laser scanning microscope (CLSM), and mass spectrometry. The details of the moisture generator and the CLSM have been described in the previous publication, [18] and the To ensure that the slag had fully melted, the sample was kept at 1873 K (1600°C) under argon gas for 5 minutes, and then the argon gas was switched to H 2 O-Ar mixture gas (with the Ar gas flow rate of 300 mL/min and H 2 O partial pressure of approximately 0.2 atm) to react with the molten slag for around 10 minutes at 1873 K (1600°C), which was equal to 3.75 L of H 2 O-Ar gas
B. Experimental Apparatus and Procedure
Þintroduced into CLSM during the reaction. After the reaction, the H 2 O-Ar gas was switched to Ar gas, and the slag was cooled at a fixed cooling rate of 10 K/min. The mineral composition of the cooled slags was analyzed by XRD (Empyrean from Panalytical).
Parallel experiments were carried out under Ar atmosphere only, that is, the molten slag was held under Ar gas (instead of reacting with H 2 O-Ar gas) at 1873 K (1600°C) for 10 minutes. All the other experimental procedures are exactly similar. The samples obtained in the experiment of reacting with H 2 O-Ar gas are hereafter labeled as ''Reacted'' slags, while the samples obtained in the parallel experiments (without reacting with H 2 O-Ar gas) are labeled as ''Unreacted'' slags.
III. RESULTS
A. Thermodynamic Simulation of H 2 Generation and Precipitated Phases
Thermodynamic calculations using FactSage 7.0 with databases of FactPS and FToxid were conducted to predict the amounts of H 2 generated during the reaction and the precipitated phases during the cooling for both the unreacted (in Ar) and the reacted (in moist) slags with different slag compositions as listed in Table I . The calculations comprised three steps. The first step of calculation is for slag melting in Ar, that is, 100 g of synthetic slag was equilibrated at 1600°C under Ar atmosphere in order to start with a homogenous molten phase.
Step two is for slag-gas equilibrium, that is, 100 g of the molten slag from the first step was equilibrated with H 2 O-Ar gas (100 g, 100°C) resulting in condensed phases and H 2 -H 2 O-Ar gas. Finally, the reacted molten slag and condensed phases from the second step were cooled under Ar atmosphere to calculate different phases precipitated in the cooled slags including Fig. 1 magnetically susceptible compounds. The methodology of thermodynamic calculations has been described in detail in the previous publication. [18] The calculation results show that when the molten slags as listed in the Table I were equilibrated with the inert Ar atmosphere at 1873 K (1600°C), no H 2 gas was generated. However, when the slags were equilibrated with the moist atmosphere at 1873 K (1600°C), the accumulated H 2 gas generated increased not only with the increasing mass of H 2 O introduced, but also with the increasing slag basicities (CaO/SiO 2 ) from 1.0 to 2.5 ( Figure 2 ) and FeO concentrations varying from 15 to 30 pct (Figure 3) . Figure 4 shows the calculated amount of different phases present in the slag (CaO/SiO 2 = 2.0) during solidification after equilibrium with the Ar gas at 1873 K (1600°C) (i.e., the unreacted slag). The precipitation sequence of phases was in the descending order of a-Ca Table II , the amount of the magnetic spinel phase of the reacted slags first increases from 13.99 to 16.71 g with the increasing slag basicity from 1.0 to 1.5 and then decreases to 10.03 and 7.39 g with the slag basicity further increasing from 2.0 to 2.5. As the FeO concentration increases from 15 to 30 pct, the amount of spinel phase increases from 5.88 to 10.59 g. In addition, the other Fe 3+ -containing phase (Ca 2 (Al, Fe) 2 O 5 ) begins to precipitate from the slags with slag basicity equal to or above 2.0, and this amount increases with the increasing slag basicity and FeO concentration.
B. H 2 Generation Behavior Characterized by Mass Spectrometry
Figures 9 and 10 show typical gas compositions for the unreacted slag and the reacted slag (slag 3#) as determined by the mass spectrometer.
As for the unreacted slag ( Figure 9 ), there is a negligible change of gas composition with the progress of the parallel experiments, with the Ar accounting for 99.86 pct of the gases. It should be pointed out that on average oxygen partial pressure of 2.62 9 10 À5 Pa and 26 ppm H 2 were detected in the parallel experiments. As for the reacted slag (Figure 10 ), upon introducing H 2 O, H 2 concentration in the generated gas first increased and then decreased, while the O 2 concentration remained the same during the reaction.
In order to investigate the effect of reactive moist atmosphere on the H 2 generation, the H 2 concentration in the parallel experiments will be deducted from the off-gas composition calculated for the slag-steam reactions. Figure 11 shows the change of accumulated H 2 gas in the moist atmosphere as a function of reaction time for slags with different basicities ranging from 1.0 to 2.5. The rate of H 2 gas evolution rapidly increased, reaching its maximum value after 120 seconds, and then gradually decreased. The change in accumulated H 2 gas during the reactions also showed a similar dependence on reaction time for the FeO concentration varying from 15 to 30 pct (Figure 12 ).
The slopes of accumulated H 2 vs time curves (Figures 11 and 12 ) reveal three distinct stages (stages from I to III shown in Figures 11 and 12 ) as observed in these curves:
(1) Region I: the initial period of H 2 gas generation, (2) Region II: a steady-state reaction region in proceeding reaction with gas film, and (3) Region III: a degradation period by local deficiency of FeO at the gas-slag interface. 
C. Iron Species in the Reacted and Unreacted Slags
The different valences of iron in the reacted and the unreacted slags were determined by chemical titration. [29] As shown in Table III, the change in Fe   3+ contents between the reacted and the unreacted slags with same basicities increased with the increasing slag basicity from 1.0 to 1.5 and then decreased with the further increasing slag basicity from 1.5 to 2.5, with the maximum value presenting in the slag at basicity of 1.5.
With the increasing of FeO concentration from 15 to 30 pct, the change in Fe 3+ contents between the reacted and the unreacted slags with the same basicities increased.
D. Precipitated Phases Characterized by XRD
The phases presented in the unreacted and the reacted slags at the continuous cooling rate of 10 K/min were characterized using XRD and, as an example, Figure 13 shows the crystallized phases in slag #3.
In By comparing the integrated intensities of the diffraction peaks from each of the known phases, the weight fraction of magnetic spinel phase in the reacted and the unreacted slags were semiquantitatively determined and presented in Table IV . With the increasing slag basicity from 1.0 to 1.5 to 2.0 to 2.5, the amount of the magnetic spinel phase increases from 4 to 6 pct (at the basicity of 1.5) and then deceases to 3 to 2 pct for the unreacted slags, and increases from 29 to 37 pct (at the basicity of 1.5) and then deceases to the range of 26 to 22 pct for the reacted slags. With the increasing FeO concentration from 15 to 30 pct, the amount of magnetic spinel phase increases from 1 to 3 pct for the unreacted slags and from 18 to 27 pct for the reacted slags.
IV. DISCUSSION
A. Reaction Mechanism and Effect of Slag Composition on H 2 Generation
Thermal decomposition of water to produce hydrogen and oxygen can only be achieved thermodynamically at very high temperatures of above 2500 K (2227°C) and under normal atmospheric pressure. In this study CaO-SiO 2 -FeO-MnO-Al 2 O 3 -MgO slag can be considered as the 'catalyst' or the 'sink' of oxygen which enabled the hydrogen generation from the reaction between CaO-SiO 2 -FeO-MnO-Al 2 O 3 -MgO slags and moisture. Therefore, the reaction between the molten CaO-SiO 2 -FeO-MnO-Al 2 O 3 -MgO slag and moisture could be illustrated in Figure 14 . Consequently, the oxidation of FeO in the molten slag by moisture or the resulting hydrogen generation can be simply considered as the following consecutive two-stage reactions from Reactions [1] to [2] , and Reaction [3] is the overall reaction. The Reaction [1] was also suggested by Glaws and Belton [30] to describe the decomposition of H 2 O on the surface of the molten iron silicates by using the HDO-H 2 deuterium exchange technique. 
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The reaction rate of H 2 generation (Reaction [3] ) can be calculated by Eq. [4] by means of the off-gas composition.
where J H 2 , A, v Ar , V H 2 ; and V Ar are, the mole flux of H 2 (mol/cm 2 /second), the reaction area (cm 2 ), the flow rate of Ar gas (L/second), the volume fraction of H 2 (percent), and the volume fraction of Ar (percent) in the off-gas composition, respectively.
The rate-controlling step(s) for the molten slag-moisture gas reaction in this study can be any or mixed of three steps: (1) gas phase mass transfer, (2) gas-slag reaction, and (3) Fe 2+ (FeO) diffusion in the liquid slag. The detailed discussion can be found in Appendix. It can be reasonably concluded that under the experimental conditions in this study, the rate-controlling step can be considered as the Fe 2+ (FeO) diffusion in the liquid slag, which can be particularly the case when the Fe 2+ (FeO) concentration is decreasing due to its continuous oxidation to Fe 3+ (Fe 2 O 3 ). This may explain why the reaction rate is in a linear relationship with the FeO activity in the molten slag (Eq. [5] and Figure 15) .
It is generally believed that upon increasing slag basicity, the network structure of silicate anion in the molten slag is broken by basic component added, [31] resulting in the decrease in the strength of the network structure. The change of slag basicity will also change the physicochemical properties such as liquidus temperature and viscosity. In addition to altering the physical properties, the basicity will also alter the activity of FeO. It is therefore reasonable to introduce the activity of FeO instead of the concentration of FeO, since the chemical potential is the driving force of the reaction. [32, 33] As shown in Table V , the activity of FeO increases from 0.58 to 0.70 with the increasing slag basicity from 1.0 to 2.0, which results in the increase of H 2 gas produced (Reaction [3] ). However, upon further increasing the slag basicity to 2.5, the activity of FeO in slag decreases to 0.61, which results in the decrease of H 2 gas produced. Upon increasing the slag basicity to 2.5, the slag may contain solid phase, which will increase the viscosity and FeO diffusion rate become small, resulting in the decrease of H 2 gas produced according to Reaction [3] . A similar trend of FeO activity was reported by Fetters and Chipman, [34] who investigated the equilibria of liquid iron and CaO-MgO-FeO-SiO 2 slags and concluded that activity of FeO reached a distinct local maximum corresponding to a basicity of approximately 2.0. The similar conclusion was given in the investigation of FeO activities in constituents of iron-and steelmaking slags by Turkdogan. [35] To sum up, the maximum amount of H 2 , corresponding to the maximum FeO activity in our study, should be generated for the slag with basicity of 2.0. Similar trend on H 2 generation in the reaction between the molten CaOSiO 2 -FeO slag and moisture was also reported by Sato et al. [26] Because alterations of Ar and moist atmosphere in experimental conditions change the reaction rates of regions (I) and (III), the reaction-rate constant is estimated from the slope of region (II), where the concentration of H 2 changes linearly with time ( Figures 11 and 12 ). Figure 15 shows the relationship between the FeO activity and the measured overall reaction rate, where the activity of FeO in the present slag system was estimated by an interpolation or extrapolation from the known activity of FeO in the CaO-SiO 2 -FeO-MgO system at 1873 K (1600°C) as listed in Table V . [36, 37] The production rate of H 2 increased with the increasing FeO activity at various concentrations of FeO. From the linear relationship of the results, the measured H 2 generation rate (mole/cm 2 / second) can be expressed by Eq. [5] . A similar relationship between the activity and the reaction rate was reported by Min [38] in spite of the different slag systems and the experimental technique. 
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As shown in Table VI , the cumulative H 2 in the reaction between 100 g of the molten CaO-SiO 2 -FeOMnO-Al 2 O 3 -MgO slag and moisture was predicted by thermodynamic calculations, measured using the mass spectrometer, and deducted by chemical titration of Fe 3+ content in the reacted slag and the unreacted slag. Both the mass spectrometry and chemical titration data show good agreement except slag #2. However, the data of the accumulated H 2 amount predicted by thermodynamic calculation is greater than those obtained by both mass spectrometry and chemical titration. While thermodynamic calculation is used for the purpose of predicting the related reactions occurring between the molten CaO-SiO 2 -FeO-MnO-Al 2 O 3 -MgO slag and moisture under equilibrium state, the reactions in laboratory experiments are affected by various kinetic factors such as the reaction time and the reaction area of the slag-gas system. This results in the extent of the studied reactions away from the equilibrium state as predicted by the thermodynamic calculation. As a result, the mass spectrometry, the online analyzer, provides more accurate data to evaluate the H 2 generated in the reaction between the molten CaO-SiO 2 -FeOMnO-Al 2 O 3 -MgO slag and moisture at 1873 K (1600°C).
B. Comparison of Magnetic Spinel Phases Determined by Different Methods
As shown in Table VII , the amount of magnetic spinel phase in the studied slags was predicted by thermodynamic calculations and semiquantitatively determined by XRD. Both the thermodynamic calculation and XRD data show similar trends. However, the amount of magnetic spinel phase predicted by thermodynamic calculation is less than that determined by XRD. This is because the number of the phases existing in the laboratory slags (three phases in Figure 13 ) is much less than that predicted by FactSage 7.0 under equilibrium condition (six phases for the reacted slag in Figure 4 and seven phases for the reacted slag in Figure 5 ), which results in relatively high amounts of the phases as determined by XRD. It is seen that, with the increasing slag basicity, the maximum amount of magnetic spinel phase was generated in the slag with basicity of 1.5. However, previous discussion on the H 2 generation indicated that, the maximum amount of the H 2 was generated in the slag with basicity of 2.0. The difference between the maximum amount of H 2 and magnetic spinel phase should be attributed to the generation of calcium ferrite (Ca 2 Fe 2 O 5 ) by the Reaction [6] [ 39] with the increasing slag basicity. As shown in Table II , when the slag basicity is less than 2.0, the generated Fe 2 O 3 by the Reaction [3] is mainly forming , and the maximum amount of magnetic spinel phase was generated in the slag with basicity of 1.5. However, when the slag basicity is equal to or greater than 2.0, the Reaction [6] occurred, resulting in the decreased transformation of Fe 2 O 3 into Fe 3 O 4 .
For the slags with basicity of 2.0, the amounts of both magnetic spinel and Ca 2 Fe 2 O 5 increase with the increasing FeO concentration from 15 to 30 pct. In general, FeO in the silicate slag, plays the same role as that of CaO to break the network structure of silicate anion in the molten slag, resulting in the decrease of the viscosity, softening and melting temperatures of the slag systems, which closely correspond to the changes in FeO activity in the molten slag. Figure 16 shows the comparison of the variations of FeO activity with FeO concentration at the basicity of 2.0 between the study of Basu et al. [40] and this study. It should be noted that the slags with the basicity of approximately 2 (from 1.9 to 2.1) from Basu's work were selected to plot the Figure 16 . The figure shows a nearly linear increase of the FeO activity with the increasing FeO concentration, and clearly illustrates that the activity of FeO exhibits positive deviation. A similar trend was reported by Kishimoto et al. [41] and by Bodsworth. [42] As a result, in the present study, the amount of Table III and determined by XRD in Figure 13 , should be attributed to the oxygen partial pressure in the Ar gas, which results in the partly oxidization of FeO at the high temperature. Based on the compositions of gases in Figure 9 , the oxygen partial pressure in the Ar atmosphere in this study is 2.62 9 10 À5 Pa, corresponding to the dotted line marked in Figure 17 , and the magnetic spinel phase, mainly made up of magnetite Fe 3 O 4 , thermodynamically starts to precipitate from the liquid slag when the temperature is lower than 1197°C. 
V. CONCLUSIONS
A novel process for energy (in the form of fuel gas) and materials (in the form of magnetite Fe 3 O 4 ) recovery in steelmaking slags has been investigated by both thermodynamic calculation and laboratory experiments. This process is based on the reaction of the molten steelmaking slag with the moist atmosphere. The capability of this process was fundamentally verified by online measuring H 2 production, determining the conversion from Fe 2+ to Fe 3+ via titration analysis and quantitating the magnetite The thermodynamic calculation showed that, for 100 g slags reacting with 100 g H 2 O, with the increasing slag basicity (CaO/SiO 2 ) from 1.0 to 2.5, the accumulated amount of produced H 2 gas increased from 0.17 to 0.27 g, and the amount of magnetic spinel phase first increased and then decreased, with the maximum of 16.71 g accumulating in the slags with basicity of 1.5. With the increasing FeO concentration from 15 to 30 pct, the accumulated amount of produced H 2 increased from 0.17 to 0.28 g, while the amount of magnetic spinel phase increased from 5.88 to 10.59 g.
The laboratory experiments were conducted using confocal laser scanning microscope to verify the reaction between 0.2 g slag and 3.75 L H 2 O-Ar gas P H 2 O ¼ 0:2 atm ð Þ . The results indicated that, for 100 g of slags, with the increasing slag basicity (CaO/SiO 2 ) from 1.0 to 2.5, both the produced H 2 gas and magnetic spinel phase first increased and then decreased, with the maximum values of 0.09 and 37.00 g accumulating in the slag with the basicity of 1.5. In the case of FeO concentration increasing from 15 to 30 pct, both the produced H 2 gas and the magnetic spinel phase increased from 0.04 to 0.10 g and from 18.00 to 27.00 g, respectively.
The rate of hydrogen generation from the reaction between the molten CaO-SiO 
APPENDIX
In general, the rate-controlling step(s) for the molten slag-moisture gas reaction in this study can be any or mixed of three steps: (1) gas-phase mass transfer, (2) gas-slag reaction, and (3) Fe 2+ (FeO) diffusion in the liquid slag. Under the experimental conditions in this study, the rate-controlling step can be considered as the Fe 2+ (FeO) diffusion in the liquid slag, which can be particularly the case when the Fe 2+ (FeO) concentration is decreasing due to its continuous oxidation to Fe 3+ (Fe 2 O 3 ). This is because the diffusion of FeO in liquid slag is found to be the lowest among the three steps. between the study by Basu [40] and this study. 
GAS-PHASE TRANSPORT OF REACTANTS
According to Taniguchi et al. [43] and Kasai et al., [3] an empirical equation of the mass-transfer rate N (mol/ (s m 2 )) in the vertical direction to the gas phase for an experimental set-up similar to the present case is given by Eq. [A1]:
where DP is the partial pressure difference of the transferring gas between the gas film and the bulk stream and k g is the mass-transfer coefficient (m/s) calculated by Eqs.
[A2] and [A3] [44] :
where D g is the diffusion coefficient of gas (m 2 /s), R s the radius of the crucibles (m), m is the kinematic viscosity (m 2 /s), and u g is the linear velocity of gas (m/s). m¼2:17 Â 10 À5 m 2 /s, [44] and D g was estimated from the values of the literature assuming a Ar-H 2 O system which is the main component of the gas mixture in the current study, with the value of 8 9 10
À5 m 2 /s, 
GAS-SLAG REACTION AT THE GAS-SLAG INTERFACE
Based on the investigation results of Glaws and Belton, [30] where k a temperature-dependent constant, in units of mol/(cm 2 s), can be given by the approximate expression: log k ¼ À6700=T À 0:08:.
As a result, for the temperature 1873 K and P H 2 O ¼ 0:2 atm, k = 0.000044 mol/(cm 2 s) = 0.44 mol/(m 2 s).
DIFFUSION OF FEO IN LIQUID SLAG
According to the investigation regarding the rate and rate-controlling reaction of FeS droplets with simplified reactor gas and slags determined using a confocal scanning laser microscope (CSLM), [46] As illustrated in Table VI , the accumulated H 2 amount of slag #3 obtained by mass spectrometry was 0.09 g (1.04 L) for 10 minutes, while about 1875 l of H 2 O-Ar gas P H 2 O ¼ 0:2 atm ð Þwas introduced into CLSM during the reaction, which was equal to the total volume of steam 375 L for 10 minutes. As a result, the P H 2 O P H 2 can be simply considered to be 360.58, as the uncertainties in the shape and exposed area make a detailed analysis of the onsite gas composition difficult. 
